Abstract. The lubricant used in compressors serves to lubricate, to seal the gaps to reduce internal leakage and to a certain extent, to cool. However, a lubricant free compressor is attractive if lubricants become a source of contaminant, or in areas where the compressor needs be placed under any orientation, such as those in military or portable computing.
Introduction
In a lubricant free compressor, dry sliding friction between the moving components would generate excessive heat in the compressor which may compromise the reliability of the compressor.
The lumped thermal conductance method was employed for thermal modelling of various compressors [1] [2] [3] including the rolling piston compressor [4] . As the RV compressor shares many similarities with that of the rolling piston, this same method would be used for modelling the heat transfer between the components in the compressor prototype.
Assumptions and sub-division of components
The six major components in the compressor are subdivided into 14 elements with simple geometric shapes, as shown in Figure 1 . The rotor elements r2, r3 and r4 are concentric.
The following assumptions are made for the thermal model:
 Steady-state condition with isothermal elements  Since the eccentricity is small (7.5 mm) as compared to the housing diameter (160.0 mm) all cylindrical components/holes are assumed to be concentric.  Thermal contact resistance between steel components are negligible  Radiation heat transfer among compressor components is negligible Existing convection correlations at the solid-fluid interfaces [5] [6] [7] [8] [9] [10] are used. Thermal contact and dry sliding friction models from literature [11, 12] will be employed for modelling heat generation and transfer at rubbing interfaces. 
Heat Transfer Equations
Applying the steady state First Law of Thermodynamics [13] to the solid element and ignoring thermal expansion, yields heat transfer equation (1) .
The one-dimensional heat transfer equations [5] are written as Equation (2) for conduction, convection and radiation respectively.
̇= ℎ Δ
(2) where, for each mode of heat transfer, h is shown in equation (3) to (5) .
Thermal contact model for dry sliding interfaces
The total dry frictional heat generated between two surfaces, 1 and 2 can be obtained by equations (6) to (8) [11, 14] :
̇, 1 =,
The correlation for the dimensionless sliding thermal contact resistance for two rough surfaces in dry sliding contact [14] , based on the material characteristics, sliding velocity, and profile of the surface asperities, is shown in Equation (9), while Equation (10) is the corresponding thermal contact resistance value.
The asperity profile of a typical surface from the turning process [14] shown in Figure 2 , and can be modelled by assuming uniform asperities with each asperity having the same height and width, separated at a constant distance as illustrated in Figure 3 . 
Polyetheretherketone (PEEK) in its pure form and bearing grade PEEK are used. A comparison between the sliding thermal contact resistances of the PEEK materials and AISI 4140 steel is shown in Figure 4 .
The surface properties are assumed as shown in Table 1 and the material properties are listed in Table  2 . It is noted that realistic deviations from the assumed asperity dimensions would not cause the sliding thermal contact resistance of steel to have drastic changes.
From Figure 5 the heat generation coefficient for steel can be approximated to 0.99 and 0.975 when rubbing with pure PEEK and bearing grade PEEK, respectively. Hence PEEK appears to absorb negligible heat as compared to steel. Therefore, it is assumed that all friction heat is absorbed by steel. In addition, friction heat at the bearings is assumed to be split evenly between the steel shaft and bearing surfaces due to free rotation of the PEEK bearing liner. The steady-state temperatures of the PEEK bearing liners would be the average of the steel shaft and bearing temperatures.
Other assumptions and heat transfer correlations
The relevant heat transfer correlations for horizontal surfaces, vertical surfaces and cylindrical surfaces of the elements are presented:
i. Free convection heat transfer correlations for housing shell and base cover elements -the Nusselt number correlation for free convection [16] on the upper surface of the housing shell and lower surface of the base cover is given by Equations (14) and (15) 
ii. The in-chamber convective heat transfer shown in Equation (17) by Liu and Zhou [7] , was tested by Tan and Ooi [6] to be the most accurate for the RV compressor and is thus chosen.
iii. Heat transfer correlations for Taylor-Couette flow are adopted for modelling the convective heat transfer in the discharge chamber between the cylinder and housing walls as shown in Equation (18) [8] . The flow in the annular gap at the endfaces is turbulent and therefore, the turbulent convective heat transfer of a flow over a flat plate can be expressed as shown in Equation (19) [5] . The speed of the flow is assumed to be the mean of the cylinder and housing wall speeds and the length would be circumferential length of the gap. 
where Ta = 
iv. Convective heat transfer on rotating cylinder shaft -for a high-speed rotating cylinder in quiescent air, it can be assumed that the convective heat transfer coefficient depends on only the Reynolds number [6, 7] . The correlation by Becker [9] can be used and the average Nusselt number is expressed as shown in Equation (28): housing shell, its emissivity shall be estimated to be the average of the given range (ε = 0.25). Assuming a small object radiating in an enclosure would give a view factor at unity [5] , therefore, the radiation heat transfer can be expressed as shown in Equation (29) with ε = 0.25.
Heat Transfer in the Rotor
The rotor component is made from PEEK material which has very high sliding thermal contact resistance as compared to steel. Hence, the friction heat that is absorbed by the rotor has to be dissipated in the suction line or working chambers.
Convective heat transfer at rotor shaft tip
One end of the rotor shaft is exposed to ambient and it can be considered as a rotating disc:
As the diameter of the shaft is small (Ø23.0 mm), the rotational Reynolds number at 3000 rev min -1 is only 2600. Hence, the flow regime at the shaft tip is laminar. As shown by Cobb and Saunders [18] the heat transfer is best modelled by the correlation given by Wagner [19] :
Mass flow rate in rotor
The Reynolds number for flow of the fluid inside the rotor can thus be calculated by Equation (32) and varies up to a value of 16,000 for a rotation speed of 3000 rev min -1 with volumetric efficiency at unity.
Convective heat transfer in shaft
The intake of fluid through the rotor first goes through the rotating shaft and is classified as an axial flow through a rotating duct. The rotation of the shaft affects the flow of the fluid; the rotating walls help reduce turbulence in the flow at the vicinity of the wall and thus heat transfer decreases with higher rotation speeds [20] [21] [22] . Seghir-Ouali et al. [22] provide the heat transfer correlations for axial flow inside a rotating cylinder duct with a constant heat flux in Equations (33) 
where Reω is the rotational Reynolds number given as follows:
Convective heat transfer in rotor
It is an internal laminar flow in the suction line inside the rotor with uniform wall temperature. The heat transfer coefficient is thus given in Equation (36). 
Linear Algebra Equations for Component Elements
With 12 elements, there will be 12 simultaneous equation, the equations can be arranged into a matrix and solved as a linear algebra equation to obtain the temperatures.
As an example, for the cylinder element c1 shown in Figure 1(b) , it is affected by free convection and heat transfer from element c2. Hence, the heat transfer to and from the element can be written as shown in Equation (37) which is rearranged into Equation (38).
where, 
Due to the insulating PEEK bearing liners separating the cylinder from the housing shell, there is no coupling of temperatures between these two components. Furthermore, the rotor is also considered to be a separate system due to the insulating property of PEEK for heat conduction. Hence, each of the components will have their own separate matrices as shown in Equations (41) -(43). T represents the component element temperatures, X represents the heat transfer relations and Y represents the loss to surroundings and heat source terms.
Equations (41) to (43) are then solved for their respective T matrices which contains all the elements' temperature values for each component using Gaussian Elimination. The solution would give the steadystate operating temperatures of the components for the RV compressor prototype.
Preliminary Analysis
The operating conditions are shown in Table 3 . It is assumed that there is no internal leakage occurring between the working chambers. The temperatures of the components at a discharge pressure of 2 bar (abs) are presented in Figure 6 . The temperature of the upper PEEK bearing liner sleeve s1 can be taken as the mean temperature of elements c2 and h1 which is 58.5°C. Similarly, the temperature of the lower PEEK bearing liner sleeve s2 is taken to be the mean temperature of elements c4 and h4 which is 72.4°C. For 5 bar (abs) discharge pressure in Figure 7 , the respective temperatures of the upper and lower bearing sleeves are 120.5°C and 149.5°C, respectively. From the analysis, it is noted that the steady-state operating temperature of the rotor would be approximately the same as the average chamber temperature as the rotor has poor thermal conductivity. The rotor shaft (r1) would be at a lower temperature due to enhanced heat dissipation when the shaft rotates.
For the cylinder, there is a wide variation between the different elements. Friction heating at the shaft elements (c2, c4) result in higher temperatures while the rotation of the cylinder enhances heat dissipation in elements c1 and c3. The very high temperature at shaft element c4 is due to its large diameter in which there is more friction heat.
The housing shell is cooled by free convection on the external surfaces and by the discharge fluid on the inner surfaces. Thus, its temperature variation is not as significant.
The current analysis was conducted under ideal conditions with no internal leakage. Under practical operating conditions, the circulation of leakage fluid between the working chambers would no doubt cause the average chamber temperature and discharge temperature to rise, thus increasing the temperatures of the compressor. The trend would be akin to the increase in the element temperatures between Figure 6 and 7 in which Figure 7 shows a higher chamber temperature. 
Conclusion
The thermal modelling of an oil-free compressor is presented using the lumped thermal conductance method and a preliminary analysis of the operating temperature was conducted, albeit assuming ideal conditions with no internal leakage. A summary of the analysis is as follows:
 The steady-state operating temperature of the rotor is close to that of the mean chamber temperature. On the other hand, the walls of the suction line in the rotor shaft are rotating, resulting in enhanced heat dissipation and thus, lower temperature values for the rotor shaft.  The lower cylinder bearing has the highest temperature due to high friction loss caused by a large bearing diameter. On the other end, the continuous flow of working fluid into and out of the cylinder chamber helps to cool the overall component.  Internal leakage under practical operating conditions would cause the chamber temperature to increase which consequentially increases the temperature of the components. 
